C-V coarticulation in monosyllabic words containing initial clicks and /i:/ vowels is investigated in Mangetti Dune !Xung with 114 fps lingual ultrasound and acoustic data collected using the CHAUSA method (Miller and Finch 2011) . The 114 fps rate yields an image of the tongue every 9 ms (+/-4.5 ms). Vowels following clicks have three lingual gestures involving the tongue tip/blade (TT), tongue body (TB) and tongue root (TR). TT and TB constrictions carried over from the clicks merge into a single vowel constriction at consonant specific rates. The second formant (F2) distinguishes each word type through the vowel midpoint. In regression analyses, TBCL and TRCL best predict F2 for alveolar click initial words, while TTCL best predicts F2 for dental / palatal click initial words. The more open constriction is acoustically inert. In the palatal click initial word, both constrictions are equally close for some speakers, and the gestures undergo blending (Browman and Goldstein 1990) . I argue that these patterns are prosodically controlled. Dental and palatal clicks have TB and TR gestures associated with the syllable onset. In alveolar clicks, the right edge of TB and TR gestures are aligned to the right edge of the first mora.
INTRODUCTION
C-V coarticulation in monosyllabic words containing initial click consonants and /i:/ vowels is investigated in Mangetti Dune !Xung, a member of the Northern branch of the Juu subgroup of the Ju-ਠHoan language family, with 114 fps lingual ultrasound and acoustic data collected using the CHAUSA method (Miller and Finch 2011) . The 114 fps rate yields an image of the tongue every 8.77 ms, and the data are aligned to within +/-4.4 ms. Combined head to probe anchoring, and head movement correction, results in accuracy to within 1 mm. Coronal click consonants have two constrictions, one produced by the tongue tip or blade, and one produced by the tongue dorsum. Air is trapped between these two constrictions, and the cavity is expanded through "rarefaction gestures" that involve tongue body lowering and tongue dorsum / tongue root retraction (Thomas-Vilakati 2010; Miller, Scott et al. 2009; Miller 2012b) . Results show that vowels following clicks have two lingual gestures involving the tongue tip/blade (TT) and tongue dorsum (TD) that are carried over from the click constrictions, as well as tongue body (TD) lowering, tongue dorsum and tongue root (TR) retraction movements that are carried over from the rarefaction gesture of the consonants. TT and TD constrictions carried over from the clicks merge into a single vowel constriction at consonant specific rates. In the Ju-ਠHoan languages, there is a C-V co-occurrence constraint, such that /i/ vowels following clicks have two different allophones following them. The /i:/ vowel following the alveolar and lateral alveolar clicks is realized as [̷i] , while the /i:/ vowel following the dental and palatal clicks is realized as [i:] in Ju|'hoansi (Miller-Ockhuizen 2003) . Results show that the actual realization of vowels following palatal clicks involves a centralized vowel onglide. Thus, the /i:/ vowel is realized as [ӝi] for several speakers.
METHODS
Lingual ultrasound (US) and acoustic data were simultaneously collected in Mangetti Dune, Namibia using the CHAUSA method at 114 fps. The method is described in Miller and Finch (2011) . Four speakers participated in the study -2 male speakers (Rooi Jenggu Fransisko (JF) and Martin ||Oce Aromo (MA)), and 2 female speakers (Sabine Towe Riem (SR) and Caroline Thumbo Kaleyi (TK)). Participants were all in their early twenties. The wordlist is provided in Table 1 , along with the number of analyzable tokens that were obtained for each word. The words were recorded in the frame sentence Ma o kx'ui _____ ka djala 'I said ____, it is good.' Speech rate was controlled, as speakers needed to produce three repetitions of the phrase within the 8 second US recording window. 
Ultrasound Methods
The GE LogiqE machine was used, with an 8C-RS probe, which is a pediatric curvi-linear probe that scans from 5-8 MHz. With the 114 fps frame rate, each frame is 8.77 ms in duration, with an error rate of +/-4.4 ms. Figure 1 provides single US frames of the first frame in the vowel following the post-alveolar and palatal click types produced by speaker JF. Since the US rays reflect when there is a change in density, the white line seen in a lingual ultrasound image is the interface of the tongue with air (Stone 2005) . In this study, the tongue edge was traced just below the white line seen in the US images, which means that the traces correspond closely to the upper edge of the tongue surface. 
Head Position Certainty
In order to achieve head position certainty with less than 1 mm of error, combined head to probe anchoring and head movement correction were used. The US probe was anchored to the subject's chin using an Ultrasound Stabilization Headset (Articulate Instruments 2008). Three repetitions of each word / phrase in the wordlist were recorded in a single video take. Head movement correction of the data was also performed to increase accuracy, and to be able to compare the data from different takes.
(a) (b) FIGURE 1. Ultrasound images of the first frame in the vowel following a) the alveolar click type in the word С ৡΩ ̗ í 'carry on shoulder'; and b) the palatal click type in the word ਠӫ фu 'malaria' produced by speaker JF (front of the mouth is on the right)
Alignment and Tracing
Alignment of the US video, the head video and the audio data followed the procedure outlined in Miller and Finch (2011) . The tri-modal 3 ms pulse generator described therein was not used in this study. The hard palate was traced in a swallow image following the procedure outlined in Epstein and Stone (2005) . The tongue edge was traced in 15 frames for each of the tokens using Palatoglossatron software (Mielke et al. 2005 ). The first frame that was traced was the frame before the anterior release of the click. Fourteen additional frames were traced following the click release, as it was determined that the peak palatal gesture for /i:/ was reached within 123 ms (14 frames) after the consonant. The vowel duration differed by word type as seen in Table 2 , with the main difference being that the palatal click initial word is bitonal and contains a diphthong in breathiness, which makes it longer. 
Probe Angle Rotation
The angle of the US probe varied in the different seatings of the US stabilization headset. Since the probe was locked into position for the duration of the take, the probe angle remained relatively constant throughout each take. The angle of the probe in each take was estimated from the angle of a line from the US probe origin to the top of the mandible shadow that occurred in the right edge of each of the US recordings. The probe angle in a single swallow recording was chosen as the standard probe angle based on visual inspection of the data to determine the most upright position of the participant's head. The rest of the palate traces were rotated by the difference between the angle of the mandible in the particular take, and the standard take, until all of the palate traces from all speakers were overlaid. The tongue traces in each take were rotated by the same angle as the palate trace recorded in that take, to assure that all of the data were transformed to the same perspective. The traces were translated by subtracting the maximum vertical positions of each of the palates from the most upright palate and tongue traces. This shifted the lowest position of the y-axis to 0. In order to maintain the front of the palate on the right side of the image, and to keep the x-axis fully within the first quadrant, 9 cms. were added to the right edge of the palate. Thus, the front edge of the palate occurs at 9 cm on the x-axis for all of the data.
Ultrasound Measurements
Click consonants have two oral constrictions, with a well in between them that forms the lingual cavity that is used to rarefy the air in the lingual ingressive airstream mechanism (Doke 1923) . For all of the click initial words in this study, the TT and TD constrictions are still visible at the beginning of the vowel due to C-V coarticulation, before merging into a single vowel constriction at different rates for the different click types. Four measurements were taken for each of the words: the horizontal position of the tongue tip/blade, e.g. the Tongue Tip Constriction Location (TTCL), the horizontal position of the tongue dorsum, e.g. the Tongue Dorsum Constriction Location (TDCL), the horizontal position of the closest constriction in the vowel, e.g. the Vowel Constriction Location (VCL), and the horizontal position of the tongue root, e.g. the Tongue Root Constriction Location (TRCL) (a point measured 1 cm. down from the vertical position of the peak TDC in the same frame, or 1 cm down from the vertical position of the VC in the vowel frames after the TT and TD constrictions had merged into a single constriction.)
Acoustic Recording, Prediction of Ultrasound Frames, and Acoustic Measurements
The acoustic data were collected with a Shure SM-10A head mounted microphone, which was mounted on top of the ultrasound stabilization headset. The microphone was input into a Canopus ADVC 100 audio-video mixer that was connected to a laptop with an I1394 firewire connector. The audio was aligned to the high frame rate US video file, and the combined file was exported out of Adobe Premiere Pro as an .avi file with an audio sampling rate of 44,100 Hz. The audio was stretched by the ratio of the assumed frame length (1/60 = 17.54 ms) to the known frame length (1/114=8.77 ms). The beginning of the click closure, the anterior burst, and the beginning and end of the following vowel in the audio file were labeled in Praat (Boersma and Weenink 2010) . A Praat script identified the begin closure, anterior burst, and the begin vowel times, and calculated the predicted US frame of these events. Because the acoustic data collected concurrently with the US data were stretched during the alignment process, the audio from the original low frame rate video file that was recorded in Adobe Premiere Pro at 48,100 Hz was used for the acoustic analysis. The vowel begin and vowel end were labeled as the begin and end of F1, and a Praat script was used to measure the duration of the vowels. An interactive Praat script was used to display the spectrogram with the cursor at the measurement points, with the F1 and F2 tracks available. Fourteen F1 and F2 measurements were taken, starting 8.77 ms after the anterior release of the click, and every 8.77 ms in the following vowel until 123 ms in the vowel, in order to match the 114 fps sampling rate of the US and head videos. Formant tracking errors that remained at the beginning of the vowel were corrected through visual inspection of the spectrogram.
RESULTS

Ultrasound Results
Figure 2 provides US traces of the tongue in the frame before the anterior release of the click, and 7 traces of the tongue following the click in the vowel, for the words starting with the four contrastive click types in Mangetti Dune !Xung produced by speaker JF. The solid black line at the top of each panel of Figure 2 are the edge of the hard palate. The plots are contour plots with the darkest trace being the earliest and the lightest trace being the latest. In the dental click initial word, a pronounced TD constriction stays in place for several frames following the anterior click release, and then the posterior part of the tongue flattens out, leaving only the TT constriction of the click in place. The closest constriction for the [i৬] vowel following this click type occurs slightly behind the location of the TT constriction of the click, as the TT constriction retracts during the first 30 ms in the vowel. In the post-alveolar click initial word, the TT constriction of the click releases fast, and the position of the tongue tip is low in the mouth already at the first frame in the vowel. The TD constriction of the click lowers slightly, but stays in place at the beginning of the vowel. This leads to the [̸i] allophone that follows this click type. Further, the TR retracts during the vowel as part of the posterior release of the click. In the lateral click initial word, both the TT and TD constrictions in the click remain in place over a longer portion of the vowel, and then a new TT constriction forms. The [i৬] TT gesture is considerably farther back (approximately 3 cm) than the TT constriction of the click that is carried over into the beginning of the vowel. In the palatal click initial word, the TD constriction releases quickly, and is no longer in place early in the vowel. The gesture for the [i৬] vowel is in the same location as the TT constriction of the click, so there is no movement of the TT during the C-V transition. This allows a more monophthongal [i৬] vowel following the palatal click type for this speaker.
(a) (b) Figures 3 provides plots of the measured TTCL, TDCL, and TRCL from the first US frame in the vowel (8.77 ms after the click release) up until 123 ms into the vowel, which is approximately half of the vowel duration (see Table  2 ), for all of the tokens of each of the four click initial words. In the dental click initial word in Figure 3a , the highest TTCL is at about 6 cm (3 cm from the beginning of the palate) for all speakers. The TDCL and TRCL are distinct curves, showing that the TRCL is consistently farther back in this click type than the TDCL. This is in part due to oral cavity morphology. However, for speaker TK, the TDCL/TRCL distinction is not clear for other click types. The TTCL and TDCL are relatively stable throughout the vowel, suggesting that the vowel following this click type is a monophthong. For all speakers, the TRCL rises slightly over the first part of the vowel, and the advanced TRCL target associated with [i] is reached later in the vowel. The TR advancement is about 1 cm. Figure 3c provides plots of the TTCL, TDCL and TRCL over the first 123 ms in the vowel in the lateral click initial word for speaker JF. The TTCL is stable over the first part of the vowel for speakers JF and MA, but rises slightly for speaker TK. There is little coarticulation for the TTCL with the lateral click type for speaker JF and MA, but considerable coarticulation from the tongue tip for speaker TK. There is considerable variation among the speakers in terms of the TDCL. Speaker JF's productions display a steep rising curve of the TDCL over the first part of the vowel. Speaker TK's productions display a less steep, more gradual rise in TDCL over the first part of the vowel. The TRCL is rising for 3/4 speakers. Speaker TK's productions display no difference in TDCL and TRCL in the vowel following the lateral click type. The TDCL is retracted to the same position as the TRCL. Figure 3d provides plots of the TTCL, TDCL and TRCL in the first part of the vowel in the palatal click initial word for JF. For JF, MA, and SR, the TTCL is fairly stable throughout the vowel. However, TK shows a rise in the TTCL over the first part of the vowel, which is very similar in timing to JF's rise in the TDCL following the [!] click. This suggests a central to front vowel diphthong, [ӝi] following this click. The TDCL curve displays quite a bit of variation for the palatal click initial word, which is more obvious, because of the smaller number of tokens for this word. Speaker JF's productions display a lot of overlap between the TD and TR curves, showing that there is no consistent difference between the horizontal positions of the two parts of the tongue. TK's productions display almost complete overlap between the TD and TR curves, showing that her TD constriction is farther back following this click type. A series of ANOVAS were run for the TDCL against click type, speaker, and the interaction of speaker and click type. Click type, speaker, and the interaction of speaker and click type were significant at the level of p<.001. A Tukey posthoc test showed that there was a significant difference between the post-alveolar click type and the palatal click type at the level of p<.01, and a difference between the post-alveolar click type and the dental click type at the level of p<.001. There don't appear to be any differences in the abruptness of the posterior constriction releases for the different click types, so this difference shows that the TD release of the palatal click type that is carried over into the following vowel is farther back than the post-alveolar click posterior constriction, just as they are in the click releases themselves (Miller, Scott et al. 2009 ). Further, the posterior release of the post-alveolar click type is farther back than the dental click type, and this effect is carried over to the beginning of the vowel. Interestingly, there is no significant difference in the TDCL between the lateral click type, and the dental and palatal click type initial words at the beginning of the vowel. A series of ANOVAS were run for the TRCL against click type, speaker, and the interaction of speaker and click type. The effect of click type was significant at the level of p<.05, the effect of speaker was significant at the level of p<.001, and the interaction of speaker and click type was significant at the level of p<.05. A Tukey posthoc test for click type showed that the TRCL in the vowel was only significantly different between the lateral alveolar click type and the palatal click type. The tongue root position is more advanced following the palatal click type than following the lateral alveolar click type. The dental click, post-alveolar click, and lateral alveolar click initial words display a considerable rise in F2 over the first half of the vowel. For the palatal click initial word, there is inter-speaker variation. JF produces a negligible rise in F2 over the first part of the vowel, while the other three speakers produce a considerable rise in F2. A series of ANOVAs was run with the results being F2 and the factors click type, speaker, and the interaction of click type and speaker, through the initial, 1/8 point, 1/4 point, 3/8 point and midpoint in the vowel. The ANOVA for the initial position (8.77 ms after the anterior release of the click) showed that the factor click type was significant at the level of p<.001, and the interaction of click type and speaker was significant at the level of p<.01. The factor speaker was not significant. Results at the 1/8 part of the vowel (time = 35.1 ms) showed that the factors click type and speaker were both significant at the level of p<.001. Table 4 provides the results of pairwise comparisons using a Tukey posthoc test. The initial F2 values following the dental and palatal click types differ significantly from the post-alveolar and lateral alveolar click types. This confirms that the BVC consists of retraction of the initial part of the vowel. At the 1/8 point of the vowel, the vowel following the palatal click type differs significantly from the dental click type, but not from the post-alveolar click type. At the 1/4 point of the vowel, speaker, click type, and their interaction are all significant at the level of p<.001.
The posthoc tests showed that all click types differed significantly from each other. At the 3/8 point in the vowel, both speaker, and the interaction of speaker and click type are significant at the level of p<.001, while the effect of speaker is only significant at the level of p<.05. All clicks differed significantly from each other, except for the postalveolar and palatal click types. At the midpoint of the vowel, speaker, click type, and their interaction are all significant at the level of p<.001. F2 values following all click types are significantly different from each other at the midpoint of the vowel. 
Regressions for F2 as a result of TTCL, TDCL and TRCL at the first point in the vowel (8.77 ms after the release of the TTC) were run for speakers JF and MA. All regressions were significant at the level of p<.001. The R 2 value for TTCL was R 2 = 0.31, for TDCL was R 2 = 0.32, and for TRCL was R 2 = 0.30. The TTCL regression was significant only for the dental and palatal click types, both at the level of p<.01. The TDCL regressions were significant for the two alveolar click types at the level of p<.001. The TRCL regressions were significant at the level of p<.01 for the lateral click type, and at the level of p<.001 for the post-alveolar click type. Figure 4 (e-h) provides 3D scatter plots of F2 values against the VCL of the clicks for speaker MA. Regressions showed that the VCL had the highest correlation for F2 over the course of the first half of the vowel. The R 2 values for regression of the VCL against F2 are provided in Table 5 . The relationship between the variables is weakest for the palatal click initial word for speaker JF, and the lateral click initial word for MA. Otherwise, the R 2 values are quite high. 
DISCUSSION
In vowels following clicks, the articulation which is more open depends on the click type. For the post-alveolar and lateral click types, the posterior constriction of the click has the closest constriction degree at the beginning of the vowel. Vowels following palatal click types display inter-speaker variation. For Speaker JF, the anterior TT constriction is the closest and the TT constriction remains in place for the vowel constriction. For speakers MA, SR and TK, both constrictions are equally close at the beginning of the vowel, and the click exhibits TT retraction at the beginning of the vowel relative to the place of articulation of the [iଡ] . For the dental click type initial word, the TT constriction remains in place for the vowel constriction, and the TD constriction lowers fairly quickly. The F2 values following the alveolar and lateral clicks are rising, due to the TD and TR transition that occurs between the clicks and the /i৬/ vowel. The transition is long, leading to the percept of [̸i] following these clicks. For the palatal click initial word for speaker JF, there are high F2 values from the beginning of the vowel. For the other three speakers, there is a rising F2 at the beginning of the vowel. The peak F2 values reached in the vowel are never as high as those for speaker JF, and in fact the vowel following the palatal click sounds like [e:] for speaker MA. The F2 transitions following the dental click type are short. Given that the F1 is low and stable, this leads to an excrescent [ӝ] preceding the /i:/ vowel. Thus, the vowel following the two alveolar clicks has a lower F2 than the vowel following the dental and palatal clicks. However, the rising F2 values found in the vowel following the palatal click, which results in a diphthongal quality for several speakers, were unexpected. The dental click initial word has advanced TD and TR positions compared with the other click types. However, the TT position is still farther back than the TT position in /i:/. Thus, the TD constriction that is present at the beginning of the vowel, results in a shortlived F2 transition. The fronting seen following the palatal click type for 3/4 speakers is the TTCL gesture, which overlaps both the syllable onset and both moraic positions in the vowel. The fourth speaker, TK, has a short C-V transition in the TTCL, suggesting that this is part of the consonantal gesture in the syllable onset, and the TTCL is hidden for a short time by overlap of the TD and TR gestures that are carried over from the syllable onset. Results of this study show that the BVC affects only the post-alveolar and lateral alveolar click types. That is, [͏i] occurs following [!] and [||] . There are co-articulatory effects on the vowel following [|] click types, but these are short lived and cannot be considered dental assimilation as argued by Sagey (1986) . The vowel following [|] should be analyzed as a monophthongal [i৬] vowel. The vowel following the palatal click type is a central-front diphthong [ӝi] for three out of four speakers studied here. For the fourth speaker, the vowel is a monopthong [i৬] . Articulatory results show that the vowel following dental and palatal click types is the TT gesture carried over into the vowel, while the initial part of the vowel following the post-alveolar and lateral clicks is carryover of the TD and TR gestures. Thus, the hypothesis that the BVC is due to tongue body and tongue root retractions in the following vowel is confirmed. This makes the BVC a process of pharyngeal coarticulation, which is a common process. However, following the palatal click type, the TT and TD constrictions are comparably close for 3/4 speakers. In this case, both constrictions are acoustically relevant, and the vowel in the first moraic slot is realized as a central vowel. The TT constriction is hidden by the TD and TR constrictions in the first moraic position of the root following the two alveolar clicks, as in Browman and Goldstein's (1990) Articulatory Phonology (AP) analysis of gestural hiding in English. That is, the activation level of the TD and TR gestures is higher than the activation level of the TT gesture in the first moraic position following these clicks. In Articulatory Phonology, each segment has a specification for Constriction Degree (CD), Constriction Location (CL) and a value D, which determines the degree of blending. As noted by Iskarous, McDonough and Whalen (2012: 203) 
